Legionella longbeachae belongs to the family Legionellaceae, which causes a severe and fatal pneumonia known as Legionnaires' disease. In the United States, more than 90% of cases of Legionnaires' disease are caused by Legionella pneumophila (6) . Interestingly, the most predominant species responsible for Legionnaires' disease in Western Australia is L. longbeachae (15) . In addition, infection due to L. longbeachae has been reported in New Zealand, Germany, Japan, Denmark, Sweden, Canada, and The Netherlands. Unlike L. pneumophila, which inhabits mostly aquatic environments, L. longbeachae is commonly isolated from moist potting soil (29) . In aquatic environments, amoeba serves as a reservoir for the amplification and dissemination of L. pneumophila and is considered the natural host for the bacterium (34) . In addition, amoeba has been shown to resuscitate viable nonculturable L. pneumophila after disinfection by biocides, which may account for the reemergence of Legionella in water systems after disinfection (24) .
L. pneumophila replicates in alveolar macrophages, which is necessary for the manifestation of Legionnaires' disease. After phagocytosis, L. pneumophila is localized in a unique phagosome that is isolated from the endocytic pathway (26, 41, 43) . The L. pneumophila-containing phagosome excludes endocytic markers, including the lysosome-associated membrane glycoproteins lysosome-associated membrane protein 1 (LAMP-1) and LAMP-2 as well as the lysosomal acid protease cathepsin D (10) . While the L. pneumophila-containing phagosome does not interact with the dynamic endocytic traffic, the L. longbeachae-containing phagosome interacts with the endocytic traffic and its biogenesis exhibits some maturation within the endocytic pathway (5) . Recent studies have shown that within human macrophages, the L. longbeachae-containing phagosome is trafficked into a nonacidified late endosome-like phagosome that acquires the LAMPs and the mannose-6-phosphate receptor late endosomal markers but excludes the vacuolar ATPase proton pump and lysosomal markers (5) . In addition, the L. longbeachae-containing phagosome is remodeled by the rough endoplasmic reticulum and bacterial replication occurs within the rough endoplasmic reticulum-remodeled late endosome-like phagosomes (5) . Thus, there is a divergence in the mechanisms of pathogenesis of L. longbeachae and L. pneumophila in human macrophages (5) . Further studies are needed to dissect further the host-parasite interaction of L. longbeachae, which is lagging behind that of most other intracellular pathogens, including the closely related species L. pneumophila. Many intracellular pathogens, including L. pneumophila, have been shown to modulate the intrinsic and extrinsic apoptotic pathways of apoptosis that converge on the activation of caspase 3, resulting in apoptosis/programmed cell death (20) . L. pneumophila induces the activation of caspase 3 in human macrophages during early stages of infection, which is thought to be essential for evasion of vesicle traffic, since inhibition of caspase 3 in human macrophages results in fusion of the phagosomes to lysosomes (18, 35) . The activation of caspase 3 and the subsequent isolation of the phagosome from the endocytic pathway are mediated by the Dot/Icm type IV secretion system (47) . Although caspase 3 is induced robustly during early stages of infection in human macrophages, apoptosis is not triggered until late stages of infection, concomitant with the termination of intracellular replication (2, 3, 35) . The delay in apoptosis is associated with the induction of antiapoptotic signaling through the activation of NF-B-dependent and -independent pathways (3, 30) . In contrast, caspase 3 is not activated and is not required for the intracellular infection of mouse-derived macrophages (36, 45) . Whether L. longbeachae also triggers caspase 3 and subsequent apoptosis in human macrophages is not known.
Among inbred mouse strains, A/J is the only inbred mouse strain susceptible to infection by L. pneumophila, while all the other strains are resistant (31) . In contrast, many inbred strains of mice are susceptible to infection by many Legionella species (31) . Only one study of permissiveness of mouse macrophages in vitro to L. longbeachae has been reported using a single isolate and indicated that the isolate replicates in both A/J and C57BL/6 thioglycolate-elicited mouse peritoneal macrophages, but whether the growth kinetics are similar to those of L. pneumophila is not known (27) . Whether L. longbeachae can replicate in mouse lungs in vivo and whether mice are a suitable animal model for L. longbeachae are not known. The genetic susceptibility of mice has been attributed to a polymorphism in the neuronal apoptosis inhibitory protein 5 (naip5)-birc1e gene (13) . At least eight murine homologues of naip genes have been identified (25) , and naip5 has been identified as the gene responsible for the differential susceptibilities of A/J mice to L. pneumophila infection (13) . The family of Naips is expressed abundantly in macrophage-rich tissues in mice, and their collective expression is increased after phagocytosis by murine macrophages (14) , but whether Naip5 is one of the induced Naips is not known. The differential susceptibilities of different inbred mouse strains to infection by L. pneumophila are due to the rapid activation of caspase 1 in C57BL/6 versus A/J mice, resulting in early macrophage pyropoptosis-mediated cell death in C57BL/6 mice (36, 45) . The L. pneumophila product that is responsible for the activation of caspase 1 is flagellin, but it is not known how Naip5 contributes to the process (36) . Whether L. pneumophila triggers caspase 1 activation in human macrophages is not known, and whether L. longbeachae is capable of activating caspase 1 in mouse or human macrophages is also not known.
Some Naips have been shown to possess antiapoptotic activity (40) due to inhibition of caspase 3, caspase 7, and caspase 9 (17) . The role of Naip5 in the activation of caspase 3 and apoptosis has not been determined, although it has been shown that the differential susceptibilities of mice to L. pneumophila are not related to the activation of caspase 3 (36, 45) .
Here, we show that polymorphism of the naip5 allele does not play a role in the susceptibility of inbred mouse strains to infection by L. longbeachae. Both in vitro and in vivo studies show that L. longbeachae replicates efficiently in bone marrowderived macrophages and in the lungs of A/J, C57BL/6, and BALB/c mice. In addition, we show that the induction of naip5 transcription in both L. pneumophila-and L. longbeachae-infected A/J mouse macrophages is less compared to that in C57BL/6 mice. We show that unlike what was observed with L. pneumophila, caspase 3 activation and late-stage apoptosis are triggered only at very low levels in both mouse and human macrophages infected by L. longbeachae. Flagellated L. longbeachae does not trigger caspase 1-mediated pyropoptosis in mouse macrophages, which correlates with the lack of detectable pore-forming activity in this species. Neither species activates caspase 1 in human macrophages.
MATERIALS AND METHODS
Bacterial strains. The virulent strain of L. pneumophila (AA100) is a clinical isolate that has been described previously and was maintained at Ϫ80°C until use (1) . The dotA mutant is an isogenic mutant generated from L. pneumophila AA100 (7, 11) . L. longbeachae D4968, D4969, and D4973 are clinical isolates obtained from outbreaks in Oregon, Washington, and California, respectively, and were kindly provided by Barry Fields (CDC, Atlanta, GA). The L. longbeachae ATCC strain 33462 was purchased from the American Type Culture Collection (Manassas, VA). The GN229 spontaneous mutant of L. pneumophila strain AA100 is defective in pore-forming activity and has been described previously (32) . The green fluorescent protein (GFP) expressed from a plasmid was introduced into some of the strains for analyses by confocal microscopy. The Francisella tularensis subsp. novicida strain U112 was described previously (38, 39) . Bacteria were grown from frozen stocks on buffered charcoal-yeast extract (BCYE) agar supplemented with the appropriate antibiotic for 72 h at 37°C (16) .
Macrophages. The U937 macrophage-like cell line was maintained as described previously (22) . Isolation and preparation of the human monocyte-derived macrophages (hMDMs) were carried out as described previously (42) . Murine bone marrow-derived macrophages (mBDMs) were isolated as described before (46) . At 48 h prior to infection, the U937 cells were differentiated with phorbol myristate acetate in either a 96-well plate for the fluorometric caspase 3 assay or a 24-well plate for confocal microscopy. hMDMs and mBDMs were seeded in 24-well plates for confocal analysis. During the preparation of the monolayers, 10 5 and 5 ϫ 10 5 cells were seeded onto the 96-well plate and the 24-well plate, respectively. For infection of the monolayers, the bacterial strains were resuspended in RPMI 1640. The infection was carried out as described for each experiment.
Immortalized macrophage cell lines were established by infecting bone marrow-derived macrophages from A/J, C57BL/6, and BALB/c mice with the murine recombinant J2 retrovirus, as previously described (7, 11) .
Intracellular growth kinetics. Monolayers of immortalized bone marrow-derived mouse macrophages were infected with the three different clinical isolates of L. longbeachae grown for 72 h on BCYE at a multiplicity of infection (MOI) of 10 in triplicate. To synchronize the infection, the plates were centrifuged for 5 min at 1,000 rpm using a Thermo IEC Centra GP8R centrifuge. After 1 h of incubation in 5% CO 2 at 37°C, the infected macrophages were washed three times with the culture medium to remove extracellular bacteria and incubated with 50 g/ml gentamicin for 1 h to kill the remaining extracellular bacteria. This was considered the zero time point. The infected mouse macrophages were subsequently incubated for 8, 24 , and 48 h. At the end of each time interval, the culture supernatant was removed and the cells were lysed hypotonically by the addition of 200 l of sterile water for 10 min. The supernatant and the lysate were combined, serial dilutions were prepared, and aliquots were plated on BCYE plates to enumerate the bacteria.
Infection of A/J, C57BL/6, and BALB/c mice with L. longbeachae and L. pneumophila. Male and female pathogen-free, 6-to 8-week-old A/J, C57BL/6, and BALB/c mice were purchased from Jackson Laboratories. For the prepara-tion of the intratracheal inoculation, two L. longbeachae clinical isolates, D4968 and D4973, and L. pneumophila strain AA100 were grown on BCYE agar plates for 72 h. The mice were inoculated intratracheally with 50 l of 10 6 bacteria as described previously (23) . At 2 h, 24 h, and 48 h postinoculation, mice were humanely euthanized, the lungs were removed, and the bacteria were cultured on BCYE agar for 72 to 96 h as described previously (23) . For the survival assay, the mice were observed at 14 days postinoculation. Our animal protocols comply with NIH guidelines for the humane care and use of animals and are approved by our IACUC.
Determination of naip5 expression by real-time PCR. Monolayers of immortalized bone marrow-derived macrophages were infected with the L. longbeachae clinical isolate D4968 and L. pneumophila strain AA100 at an MOI of 10. To synchronize the infection, the plates were centrifuged for 5 min at 1,000 rpm using a Thermo IEC Centra GP8R centrifuge. After 1 h of incubation in 5% CO 2 at 37°C, the infected macrophages were washed three times with the culture medium to remove extracellular bacteria and incubated with 50 g/ml gentamicin for 1 h to kill the remaining extracellular bacteria. This was considered the zero time point. The infected mouse macrophages were subsequently incubated for 2, 6, and 12 h. At the end of each time interval, total RNA was isolated using a QIAGEN RNeasy mini kit (QIAGEN, Valencia, CA) and digested with DNase I (Ambione, Austin, TX) to remove chromosomal DNA. The remaining DNase I was inactivated by heating at 70°C for 5 min. Five micrograms of total RNA was reverse transcribed into cDNA with SuperScript III RNase H reverse transcriptase (Invitrogen, Carlsbad, CA). The real-time quantitative PCR was performed in an Opticon continuous fluorescence detector (MJ Research, San Francisco, CA). The primer sequences for Naip5 were 5Ј-CTCCAGCCACTCTTCCTCA A-3Ј (forward primer) and 5Ј-ACCAGCCACAACCCTCTAAC-3Ј (reverse primer), and the primer sequences for the ␤-actin control were 5Ј-GATCTGG CACCACACCTTCT-3Ј (forward primer) and 5Ј-GGGGTGTTGAAGGTCTC AAA-3Ј (reverse primer). The cDNA sample was amplified with DyNAmo SYBR green quantitative PCR kits containing a modified Thermus brockianus DNA polymerase according to the manufacturer's instructions (New England Biolabs, Beverly, MA). PCR conditions were 5 min at 94°C, 15 s at 96°C, and 15 s at 72°C for 30 cycles. The concentration of Naip5 was determined using the comparative cycle threshold (threshold cycle number at the cross point between amplification plot and threshold) method according to the manufacturer's software. Relative quantitation by quantitative reverse transcription-PCR was validated by the equivalent and linear amplifications of ␤-actin and naip5 at the assay concentrations.
Caspase 1 activation. To assess active caspase 1 staining by confocal microscopy, 2.5 ϫ 10 5 hMDMs or mBDMs on glass coverslips were infected with L. pneumophila and L. longbeachae strains at an MOI of 10 for 18, 24, and 36 h. Macrophages were stained for 1 h with 6-carboxyfluorescein-YVAD-fluoromethylketone (Immunochemistry Technologies) as recommended by the manufacturer. As a positive control for the hMDMs, macrophages were treated with 10 mM simvastatin (Calbiochem) (12) . After infection, cultures were then washed extensively, fixed for 1 h with 3.7% formaldehyde solution, washed again, and then mounted with ProLong Gold antifade reagent (Molecular Probes Inc., Eugene, OR).
Caspase 3 activation. For the detection of caspase 3 activity by artificial substrates, U937 cells in 96-well plates were infected with L. longbeachae clinical isolate D4968, L. pneumophila strain AA100, and its isogenic dotA mutant grown on BCYE plates for 72 h at an MOI of 50. At 6 h postinfection, the activity of caspase 3 in the infected U937 cells was measured by a fluorometric caspase 3 assay kit (BioVision, Inc., CA) as described previously (35) . The level of caspase 3 enzymatic activity was measured in arbitrary fluorescence units by using a fluorescent plate reader (PerkinElmer) with an excitation at 400 nm and an emission at 505 nm.
For the detection of active caspase 3 by confocal microscopy, U937 cells attached to glass coverslips in 24-well plates were infected with L. pneumophila strain AA100 (GFP) and L. longbeachae strain ATCC 33462 (GFP) at an MOI of 10 for 6 h and 24 h. The bacteria were grown on BCYE plates containing 5 g/ml chloramphenicol for 72 h prior to infection. For labeling of the bacteria, cells were fixed with 4% paraformaldehyde (Sigma) for 30 min, permeabilized with 0.1% Triton X-100 (Sigma) on ice for 15 min, blocked with 3% bovine serum albumin (Sigma) for 1 h, incubated with rabbit polyclonal antiactive caspase 3 antiserum (BD, San Diego, CA) for 1 h, and then incubated for 1 h with a goat anti-rabbit immunoglobulin G secondary antibody conjugated to Alexa red (Molecular Probes, Inc., Eugene, OR).
TUNEL assay. U937 cells attached to glass coverslips in 24-well plates were infected with L. pneumophila strain AA100 and L. longbeachae clinical isolate D4968 at an MOI of 10 for 6 h and 24 h. Bacteria were grown for 72 h on BCYE plates before infection. For labeling of the bacteria, cells were fixed with 4% paraformaldehyde (Sigma) for 30 min, permeabilized with 0.1% Triton X-100 (Sigma) on ice for 15 min, blocked with 3% bovine serum albumin (Sigma) for 1 h, incubated with rabbit polyclonal antiserum (raised against L. pneumophila or L. longbeachae) for 1 h, and then incubated for 1 h with a donkey anti-rabbit immunoglobulin G secondary antibody conjugated to Alexa red (Molecular Probes, Inc., Eugene, OR). For labeling of apoptotic nuclei, the cells were then subjected to fluorescein isothiocyanate-conjugated terminal deoxynucleotidyltransferase-mediated dUTP-biotin nick end labeling (TUNEL) using an apoptosis detection kit according to the manufacturer's instructions (Boehringer Mannheim Corporation, Indianapolis, IN). Cells were examined with a Zeiss Axiophot photomicroscope and a Leica TCS NT confocal laser scanning microscope. A minimum of 100 cells per sample was counted, and apoptosis was quantified as the percentage of apoptotic cells (TUNEL-positive nuclei) among all of the cells counted. Multiple independent samples were examined.
Histopathological analysis. Apoptosis in the lungs of A/J mice in response to L. longbeachae and L. pneumophila was assessed by confocal microscopy. L. longbeachae clinical isolate D4968 and L. pneumophila strain AA100 were grown on BCYE plates for 72 h, and 10 6 bacteria were inoculated intratracheally into the lungs of A/J mice. At 24, 48, and 72 h after inoculation, the mice were humanely sacrificed. Before lung removal, the pulmonary vasculature was perfused with 10 ml of saline containing 5 mM EDTA, via the right ventricle. The excised lungs were inflated and fixed in 10% neutral formalin for 24 h, dehydrated, and embedded in paraffin. Sections (5 m) were cut, and labeling of apoptotic cells was carried out by TUNEL using an in situ cell death detection kit, as recommended by the manufacturer (Roche, Indianapolis, IN). An analysis of apoptotic cells (TUNEL positive) was carried out using laser scanning confocal microscopy. On average, 10 0.2-m-thick serial sections of each image were captured and stored for further analyses using Adobe Photoshop (Adobe Photoshop, Inc.).
Statistical analyses. All experiments were performed at least three times, and the data shown are representative of one experiment. To analyze statistically significant differences between different sets of data, two-tailed Student's t test was used and the P value was obtained.
RESULTS
Efficient replication of L. longbeachae in macrophages of inbred mouse strains. Growth of L. longbeachae in vitro was examined in immortalized bone marrow-derived macrophages from A/J, C57BL/6, and BALB/c mice by using an MOI of 10 for 1-h infection. The data showed that by 48 h postinfection, there was an ϳ10
4 -fold increase in the number of CFU of L. longbeachae in macrophages from all three strains of mice examined (Fig. 1) . In contrast to L. longbeachae, L. pneumophila strain AA100 replicated only within A/J mouse-derived macrophages (data not shown), consistent with previous observations (8, 9) . L. longbeachae strains are equally lethal to several inbred mouse strains. Whether L. longbeachae can replicate in mouse lungs in vivo is not known, and therefore, it would be useful to determine whether mice can be utilized as an animal model for the infection. We determined whether L. longbeachae caused pulmonary infection in the three inbred mouse strains. First, we performed a lethality study of A/J mice to determine the survival of mice after inoculation with L. longbeachae and L. pneumophila strain AA100. Different doses of the L. longbeachae clinical isolate D4968 and L. pneumophila were inoculated intratracheally into 10 A/J mice to determine the number of bacteria needed to establish a lethal infection. As few as 1 ϫ 10 5 CFU of L. longbeachae were lethal to mice, and most of the mice (7/10) infected by 10 5 bacteria died by 5 days postinoculation ( Fig. 2A) . Unlike infection of A/J mice by L. longbeachae, infection by 10 8 CFU of L. pneumophila caused only 30% lethality (Fig. 2B) . We conclude that the L. longbeachae clinical isolate D4968 causes a more severe infection in A/J mice than L. pneumophila strain AA100.
Next, the lethalities of L. longbeachae and L. pneumophila to the three strains of mice (A/J, C57BL/6, and BALB/c) were determined by infecting mice with 10 5 CFU of the L. longbeachae clinical isolate D4968. The lethalities of L. longbeachae were similar for all mouse strains (Fig. 2C ). In contrast, L. pneumophila was not lethal to BALB/c or C57BL/6 mice even when 10 9 CFU was inoculated, and all 10/10 animals survived (data not shown). As expected, L. pneumophila strain AA100 was lethal to A/J mice in a dose-dependent manner (Fig. 2B) .
Intrapulmonary replication of L. longbeachae and L. pneumophila in inbred mouse strains. To determine that the lethality of mice was due to replication of L. longbeachae in the lungs and not to acute cytotoxicity, A/J mice were infected with three different doses (10 5 to 10 6 CFU) of the L. longbeachae clinical isolate D4968 and L. pneumophila and the number of CFU was determined in the lungs over a 48-h period. All doses of L. longbeachae caused a productive pulmonary infection in A/J mice, while an inoculum of 10 6 or more of L. pneumophila was essential for a productive infection (data not shown and see below). Next, A/J, C57BL/6, and BALB/c mice were inoculated with ϳ10 5 CFU of the L. longbeachae clinical isolate D4968 and 10 6 of L. pneumophila and the number of CFU in the lungs was determined over a 48-h period. A total of 10 6 CFU of L. pneumophila was used, since this is the minimal dose that results in intrapulmonary proliferation compared to L. longbeachae. The results indicated that L. longbeachae replicated equally well in the lungs of all three strains of mice. There was an ϳ1,000-fold increase in the number of CFU over the 48-h period in all strains of mice (Fig. 3A) . In contrast to L. longbeachae, L. pneumophila replicated only in A/J mice (Fig. 3C) . Unlike growth in A/J mice, in which the CFU of L. pneumophila showed about a 1,000-fold increase over a 48-h period, the CFU in C57BL/6 and BALB/c mice increased only 2-to 4-fold between 2 and 24 h and dropped slightly by 48 h postinfection (Fig. 3C) .
Susceptibility of inbred mouse strains to L. longbeachae is not strain dependent. To confirm that the genetic susceptibility of the three mouse strains was not limited to the D4968 clinical isolate, infection by another clinical isolate, D4973, was examined. A/J, C57BL/6, and BALB/c mice were infected with ϳ1 ϫ 10 5 CFU of clinical isolate D4973, and lethality to mice was monitored over 14 days. Both strains were similarly lethal to all mouse strains (data not shown). In addition, replication of the L. longbeachae clinical isolate D4973 in the lungs of A/J, C57BL/6, and BALB/c mice was determined. The mouse strains were inoculated intratracheally with ϳ1 ϫ 10 5 bacteria, and bacterial replication was determined over a 48-h period. The clinical isolate D4973 replicated in all three strains of mice (Fig. 3B) . Taken together, we conclude that in contrast to what was observed with L. pneumophila, polymorphism in the naip5 allele has no effect on the genetic susceptibility of mice to infection by L. longbeachae strains.
Expression of naip5 in C57BL/6 and A/J mice. The collective expression of the naip family of eight genes as a group is induced after phagocytosis of L. pneumophila and Salmonella enterica serovar Typhimurium as well as latex beads, but whether naip5 is one of the induced eight naip genes is not known (14) . Since naip5 is the only naip gene among the eight naip genes that confers susceptibility to L. pneumophila, we focused our analysis exclusively on naip5 expression. Bone marrow-derived macrophages from both mouse strains were infected with the L. longbeachae clinical isolate D4968 or L. pneumophila for 2, 6, and 12 h. The mRNA was isolated from infected A/J and C57BL/6 mouse macrophages, and the level of naip5 expression was determined by quantitative real-time PCR. We determined the ratio of expression of naip5 in infected macrophages to that in uninfected macrophages ( Fig.  4A and B) as well as the ratio of infected C57BL/6 macrophages to infected A/J macrophages (Fig. 4C) . The results showed that there was a higher level of expression of naip5 in (Fig. 4) . At all the time points, there was a slightly higher C57BL/6-to-A/J ratio of naip5 expression in L. pneumophilainfected macrophages than in L. longbeachae-infected macrophages (P Ͻ 0.0071 to 0.014, t test). Consistent with that result, L. longbeachae triggered significantly, but modestly, less naip5 expression in C57BL/6 mice than L. pneumophila (P Ͻ 0.05, Student's t test). L. longbeachae expresses flagella but does not induce caspase 1 activation in mouse macrophages. To determine whether the ability of L. longbeachae to grow in resistant mice was related to its failure to express flagella/and or to activate caspase 1, we determined whether the L. longbeachae strains expressed flagella at 36 h (post-exponential phase) after the infection of U937 macrophages. All the L. longbeachae strains expressed flagella at 36 h (Fig. 5) . However, we have recently shown that all L. longbeachae strains did not express flagella during the exponential phase of growth (5) .
Whether L. longbeachae triggers caspase 1 activation within mouse macrophages has not been reported. Therefore, we determined the activation of caspase 1 by L. longbeachae strains D4968 and ATCC 33462 at different time intervals postinfection of A/J and BALB/c mouse macrophages. Our results showed that there is no activation of caspase 1 by either strain of L. longbeachae in A/J or BALB/c mice at all the time points determined (Fig. 6A and B) . In contrast to L. longbeachae, the L. pneumophila control triggered caspase 1 activation in BALB/c mouse macrophages but not in A/J mouse macrophages ( Fig. 6A and B) (36, 37, 45) . The dotA mutant negative control did not activate caspase 1, while the Francisella tularensis subsp. novicida U112 strain positive control triggered caspase 1 activation (Fig. 6) . Results similar to those obtained with BALB/c mouse macrophages were also obtained with C57BL/6 mouse macrophages (data not shown).
Caspase 1 is not triggered by either species within human macrophages. We have recently shown that L. pneumophila does not trigger caspase 1 activation in hMDMs (M. Santic, R. Asare, M. Doric, and Y. Abu Kwaik, submitted for publication). Therefore, we determined whether L. longbeachae triggered caspase 1 activation in hMDMs. Our data showed that caspase 1 activation was not detected in hMDMs infected by L. longbeachae at all the time points examined up to 36 h postinfection ( Fig. 6C and data not shown) , similar to that found for the L. pneumophila control (Santic et al., submitted) . The hMDMs treated with simvastatin, as a positive control, exhibited caspase 1 activation.
Failure to trigger caspase 1 activation by L. longbeachae within mouse macrophages correlates with the lack of detectable pore-forming activity. Since the activation of caspase 1 by L. pneumophila requires pore-forming activity, which is detectable by contact-dependent hemolysis of sheep red blood cells (SRBCs) (28), we examined whether the three clinical isolates of L. longbeachae expressed pore-forming activity by using contact-dependent hemolysis of SRBCs (32, 33) . The data showed that unlike L. pneumophila, none of the three clinical isolates of L. longbeachae possessed any detectable pore-forming activity, similar to the GN229 mutant negative control (Table 1) (32, 33) . Therefore, the lack of detectable poreforming activity by L. longbeachae correlates with the lack of its activation of caspase 1.
L. longbeachae induces lower levels of caspase 3 activation in both human and murine macrophages. We determined the ability of the three clinical isolates of L. longbeachae to activate caspase 3 and to trigger subsequent apoptosis in human macrophages. Our data showed that unlike L. pneumophila, all three strains of L. longbeachae triggered very low levels of caspase 3 activation (P Ͻ 0.0001, t test) (Fig. 7) . Compared to the dotA mutant negative control, the L. pneumophila strain AA100 positive control showed a high level of caspase 3 activation (P Ͻ 0.0001, t test) (Fig. 7) .
To confirm the low level of activation of caspase 3 by L. longbeachae, we performed single-cell analysis by confocal microscopy to determine the kinetics of caspase 3 activation at 6 h and 24 h postinfection of hMDMs. The L. pneumophila isogenic dotA mutant was used as the negative control. At 6 h postinfection, 50% of L. pneumophila-infected hMDMs showed caspase 3 activation (Fig. 8 ). In contrast, the level of caspase 3 activation by L. longbeachae-infected macrophages was not significantly different from that by dotA mutant-infected or uninfected macrophages (P Ͼ 0.1, t test) (Fig. 8) . The number of infected macrophages that exhibited caspase 3 activation at 24 h was significantly less in cells infected with L. longbeachae than in cells infected with the L. pneumophila strain AA100 control (P Ͻ 0.0007, t test) (Fig. 8) . This may be due to proliferation of L. longbeachae compared to the dotA mutant, which does not replicate. However, bacterial numbers alone could not account for the differential activation of caspase 3 in macrophages, since L. longbeachae and L. pneumophila replicated to the same level (Fig. 7A) .
We have recently shown that L. pneumophila triggers caspase 3 activation in bone marrow-derived macrophages in (Fig. 9) . The dotA mutant control triggered caspase 3 activation in less than 5% of infected macrophages from both strains of mice at all the time points examined (Fig. 9) . Staurosporin-treated control cells exhibited apoptosis in ϳ85% of BALB/c macrophages (data not shown). L. longbeachae induces lower levels of apoptosis in human but not murine macrophages. We used a TUNEL assay to examine the ability of L. longbeachae to induce apoptosis. Human macrophages were infected by the L. longbeachae clinical isolate D4968 or L. pneumophila as a positive control (Santic et al., submitted) at an MOI of 10, and the induction of apoptosis was determined at 6 h and 24 h postinfection. There was no significant difference in apoptosis upon infection by either species at 6 h postinfection compared to that upon infection by the dotA mutant (P Ͼ 0.10 to 0.30, t test) (Fig. 10) . At 24 h postinfection, ϳ80% of the L. pneumophila-infected cells (positive control; Santic et al., submitted) became apoptotic compared to ϳ25% of L. longbeachae-infected cells (P Ͻ 0.0005, t test). Only ϳ5% of the cells infected by the dotA mutant negative control of L. pneumophila (47) became apoptotic by 24 h postinfection (Fig. 10) , which was significantly less than the level of apoptosis induced by L. longbeachae (P Ͻ 0.02, t test) (Fig. 10) .
Next, we determined whether L. longbeachae induced apoptosis in murine macrophages. Bone marrow-derived macrophages from A/J and BALB/c mice were infected with the L. longbeachae clinical isolate D4968 and the ATCC strain 33462 at an MOI of 10, and apoptosis was determined by single-cell analyses of TUNEL assays at 2, 8, and 18 h postinfection. The results showed that both strains of L. longbeachae triggered very low levels of apoptosis in either strain of mice at all time points examined (Fig. 9) . In contrast, the wild-type L. pneumophila control triggered apoptosis in infected A/J macrophages only during late stages of infection (18 h microscopy. L. pneumophila-infected mice were used as a positive control, sham-infected mice were used as a negative control, and DNase-treated sections were used as a control for the TUNEL assays. Pulmonary apoptosis was observed at 24 to 72 h after infection by L. pneumophila strain AA100 control in the permissive A/J mouse strain (Fig. 11 and data not shown) . Unlike that in L. pneumophila-infected lung tissue, there was very a low level of apoptosis in L. longbeachae-infected lung tissue up to 7 days postinfection, consistent with our observations in vitro for mouse-derived macrophages (data not shown). Taken together, these results show that in contrast to L. pneumophila, L. longbeachae induces low levels of apoptosis in vitro and in the lungs of experimental animals.
DISCUSSION
All inbred mouse strains are resistant to L. pneumophila infection with the exception of A/J mice (31) . Many other Legionella species can replicate within macrophages derived from other mouse strains such as the C57BL/6 mouse strain, including one L. longbeachae isolate from Japan (27) , but whether L. longbeachae can replicate within pulmonary cells of mice and whether the mice can be utilized as an animal model for L. longbeachae have never been reported. In this report, we have shown efficient intracellular replication within various mouse macrophages in vitro and intrapulmonary replication of various L. longbeachae clinical isolates in A/J, C57BL/6, and BALB/c mice. Our results show that in contrast to that by L. pneumophila, susceptibility of mice to infection by L. longbeachae is independent of polymorphism in the naip5 allele in vivo and in mouse macrophage cell lines in vitro.
The differences in genetic susceptibilities of inbred mouse strains have been mapped to a polymorphism in the naip5 allele (13) . The collective expression of the naip family of genes (approximately eight) as a group is induced after phagocytosis of L. pneumophila and Salmonella enterica serovar Typhimurium as well as latex beads, but whether naip5 is one of the induced naip genes is not known (14) . Our current studies have focused exclusively on the expression of the naip5 gene, since it is the only gene in the naip family of eight genes that determines susceptibility to L. pneumophila (13, 44) . Our analyses show that upon infection with L. pneumophila and L. longbeachae, there is an increase in the levels of naip5 expression in A/J and C57BL/6 macrophages. However, L. pneumophila-infected C57BL/6 macrophages express higher levels of naip5 than L. longbeachae-infected C57BL/6 macrophages. There are differences in 14 amino acids between Naip5 from C57BL/6 and A/J mice. Therefore, it is possible that structural differences and/or the expression level of Naip5 may contribute to the differential susceptibility to infection by L. pneumophila.
Differential susceptibilities to L. pneumophila in mouse macrophages are mediated by the early rapid triggering of caspase 1 by bacterial flagellin, resulting in early proinflammatory cell death mediated by pyropoptosis (36, 45) . Our data show that although L. longbeachae expresses flagella, it does not activate caspase 1 and it does not trigger early rapid pyropoptosis in BALB/c or A/J mouse macrophages. The pore-forming activity of L. pneumophila is essential for the flagellin-mediated activation of caspase 1 (36, 45) . Since pore-forming activity is not detectable for L. longbeachae, the flagellin of L. longbeachae may not have access to the macrophage cytoplasm, where it is thought to be involved in caspase 1 activation by L. pneumophila (36, 45) . Alternatively, the FlaA of L. longbeachae is not recognized by the Naip5 systems or it does not activate caspase 1.
Activation of caspase 3 by L. pneumophila within human macrophages during early stages of infection is a Dot/Icmdependent process (47) that is essential for the isolation of the phagosome from the endocytic pathway (18, 19, 21, 35) . Interestingly, L. longbeachae does not block endocytic fusion and its phagosome matures to a late endosome-like phagosome (5). Thus, there is a correlation between the maturation of the L. longbeachae phagosome within the endocytic pathway in human macrophages and its inability to activate caspase 3, which is required for the degradation of the early endosome regulator rabaptin-5 upon infection by L. pneumophila (35) . In contrast to its function in human macrophages, caspase 3 is not required for the intracellular proliferation of L. pneumophila within mouse macrophages (45) . Although caspase 3 is activated early during infection of human macrophages by L. pneumophila, apoptosis is not triggered until ϳ18 h postinfection (2, 4) . The delay of apoptosis in L. pneumophila-infected macrophages despite robust activation of caspase 3, which is considered to be the executioner of apoptosis, is associated with a Dot/Icm-dependent potent trigger of multiple NF-B-dependent and -independent antiapoptotic pathways (3, 30) . Our results show that unlike L. pneumophila, L. longbeachae induces only a low level of apoptosis in human macrophages during late stages of infection. Similarly, the lungs of A/J mice infected with L. longbeachae exhibit a low level of apoptosis up to 72 h postinfection. The severities of Legionnaires' disease caused by L. pneumophila and L. longbeachae are not different despite the dramatic differences in the abilities of both species to trigger apoptosis in vitro and within the lungs of the mouse model. What role L. pneumophila-triggered apoptosis plays in the pathogenesis of Legionnaires' disease remains to be elucidated. In summary, we have shown the feasibility of utilizing mice as a model system for L. longbeachae and we have shown that polymorphism of the naip5 allele does not play a role in the susceptibility of inbred mouse strains to L. longbeachae infection, which is quite in contrast to what was observed for infection by L. pneumophila. The induction of naip5 transcription in both L. pneumophila-and L. longbeachae-infected A/J mouse macrophages is less than that in C57BL/6 mice. Despite flagellation of L. longbeachae, this species does not trigger early and rapid activation of caspase 1, which correlates with the lack of detectable pore-forming activity by this species. We show that unlike what was observed with L. pneumophila, caspase 3 activation and late-stage apoptosis are triggered at low levels by L. longbeachae within human and mouse macrophages. However, neither species triggers caspase 1 activation within human macrophages.
